The meiotic spindle in oocytes is assembled in the absence of centrosomes, the major 2 microtubule nucleation sites in mitotic and male meiotic cells. A crucial, yet unresolved 3 question in meiosis is how spindle microtubules are generated without centrosomes and 4 only around chromosomes in the large volume of oocytes. Here we report a novel oocyte-
to the spindle equator in oocytes is independent of Augmin, which can explain why oocytes 1 robustly assemble spindle microtubules without Augmin, but fail to do so without Grip71 2 (Meireles et al., 2009; Reschen et al., 2012) .
4
The Drosophila MKlp2, Subito, recruits Grip71 to the spindle equator 5 To understand the molecular mechanism of this novel microtubule assembly 6 pathway, we sought to identify a protein which recruits Grip71 to the spindle equator. We 7 predict that such a protein should (1) colocalise with Grip71 to the spindle equator in 8 oocytes, (2) physically interact with the Grip71/γ-tubulin complex directly or indirectly, and 9
(3) be required for Grip71 localisation to the spindle equator but not the spindle poles. We 10 considered Subito (the orthologue of mammalian MKlp2, a kinesin-6) to be a good 11 candidate, as it was previously shown to localise to the spindle equator and have an 12 important role in the integrity of the spindle equator (Jang et al., 2005) .
13
To test whether Subito colocalises with Grip71 to the spindle equator, mature 14 oocytes were co-immunostained for Subito, Grip71 and α-tubulin (Fig 2) . Subito and Grip71 15 showed nearly identical localisation patterns in the spindle equator, while α-tubulin showed a 16 distinct pattern from them (Fig 2A) . This was confirmed by intensity measurements along a 17 cross-section of a spindle (Fig 2A) . To test physical interaction between Subito and Grip71, 18 GFP-Subito expressed in ovaries was immunoprecipitated for analysis by western blot.
19
Grip71 and γ-tubulin were both co-immunoprecipitated with GFP-Subito from a Drosophila 20 ovary extract (Fig 2B) , demonstrating that Subito interacts with Grip71 and γ-tubulin.
21
To test whether Grip71 localisation depends on Subito, mature oocytes expressing 22 short hairpin RNA (shRNA) against subito were immunostained for Subito, Grip71 and α-23 tubulin (Fig 2C) . Subito signals were dramatically reduced, confirming the specificity of the 24 anti-Subito antibody and the effectiveness of RNAi (Fig 2C-E) . Strikingly, Grip71 localisation 25 to the spindle equator was lost (Fig 2C,E) . In contrast, Grip71 localisation at the poles was 26 still observed, although in fewer oocytes (Fig 2C,E) . This shows that Subito is essential for recruits the γ-tubulin complex in the ooplasm and nucleates microtubules, independently of 1 chromosomes. If this interpretation is correct, we predict that (1) Grip71 is recruited to the 2 ectopic sites of microtubule assembly and that (2) the formation of the ectopic spindles 3 depends on Grip71.
4
To test whether Grip71 is recruited to ectopic spindles, we immunostained Grip71 in 5 oocytes expressing Subito lacking the N-terminal region (Subito∆N) . As previously shown 6 (Jang et al., 2007) , Subito∆N not only localised to the equatorial region of the meiotic spindle 7 associated with chromosomes, but was also concentrated on ectopic spindles in oocytes.
8
Importantly, Grip71 was recruited to ectopic spindles in addition to the equatorial region of 9 the meiotic spindle (Fig 4A) .
10
Next, to determine whether the formation of the ectopic spindles depends on Grip71,
11
Grip71 was depleted by RNAi from oocytes expressing Subito∆N (Fig 4B) . Over 80% of 12 oocytes expressing Subito∆N and control shRNA form ectopic spindles. In contrast, when 13 Grip71 is depleted, about a half of the oocytes expressing Subito∆N failed to form ectopic 14 spindles. To assess microtubule nucleation more accurately, microtubule regrowth 15 experiments were carried out using cold treatment followed by warming (Fig 4C) . Cold 16 treatment abolished both chromosome-associated spindles and ectopic microtubules. Two 17 minutes after warming, ~40% of control oocytes displayed ectopic microtubule arrays 18 associated with Grip71 foci, while fewer Grip71-depleted oocytes (~20%) displayed ectopic 19 arrays (Fig 4D) . Furthermore, these fewer ectopic arrays formed in Grip71-depleted oocytes 20 showed substantially lower tubulin intensity than the control (Fig 4E) . Fewer and weaker 21 microtubule arrays in Grip71-depleted oocytes indicates that ectopic microtubule assembly 22 by Subito∆N is largely dependent on Grip71. These results support our hypothesis that 23 Subito∆N induces ectopic microtubule nucleation through recruiting the γ-tubulin complex in 24 the ooplasm. 25 26 spontaneously nucleated in the solution and then captured by the beads, rather than nucleated by the beads. To exclude this possibility, we counted the number of free 23 microtubules not associated with beads (Fig S2) . If microtubules were spontaneously 24 nucleated and then captured, fewer free microtubules should be observed in the 25 experiments using GFP-Subito∆N beads than with GFP-beads. In contrast, if GFP-microtubules in the experiment using GFP-Subito∆N beads than using GFP-beads (Fig S2) .
1
This confirmed that GFP-Subito∆N beads induced microtubule nucleation, rather than simply 2 capturing spontaneously nucleated microtubules.
3
To further confirm that these microtubule asters formed around the GFP-Subito∆N or 4 GFP-Subito WT beads were due to microtubule nucleation, we tested whether the γ-tubulin 5 subunit Grip71 is required for aster formation. GFP-Subito∆N or GFP-Subito WT was 6 immunoprecipitated from ovaries simultaneously expressing GFP-Subito∆N and shRNA 7 against Grip71. None or a few microtubules were assembled around the GFP-Subito∆N or 8 GFP-Subito WT beads from Grip71-depleted oocytes (Fig 5B,C) . These results 9 demonstrate that microtubule assembly mediated by the GFP-Subito∆N or GFP-Subito WT 10 beads depends on Grip71. Therefore, we conclude that Subito and its associated proteins 11 can nucleate microtubules from pure α/β-tubulin in vitro, and that this nucleation activity is 12 inhibited by the N-terminal region of Subito.
14

Subito interaction with the γ-tubulin complex is suppressed by its N-terminal region
15
Genetic and cytological analysis in this study showed that the Subito N-terminal 16 region suppresses the Subito activity and prevents ectopic microtubule nucleation in 17 oocytes. Furthermore, the N-terminal region suppresses in vitro microtubule nucleation 18 activity of Subito. To gain a mechanistic insight, we tested whether the interaction between 19 Subito and the γ-tubulin complex is regulated by the N-terminal region. Proteins co-20 immunoprecipitated with GFP-Subito or GFP-Subito∆N were analysed by immunoblot using 21 Grip71 and γ-tubulin antibodies (Fig 6) .
22
Strikingly, we found that Grip71 and γ-tubulin were co-immunoprecipitated with GFP-
23
Subito∆N much more efficiently than with GFP-Subito (Fig 6) . This demonstrated that the 24 N-terminal region suppresses the interaction between Subito and the γ-tubulin complex, 25 which explains why Subito∆N is hyperactive in nucleating microtubules in vivo and in vitro. 1 inhibits the interaction between Subito and Grip71, hence between Subito and the γ-tubulin 2 complex.
4
Discussion 1
Our in vivo and in vitro analysis uncovered a novel microtubule nucleation pathway 2 specific to oocytes, which is mediated by the conserved kinesin-6 Subito/MKlp2. Subito 3 recruits the γ-tubulin complex to the spindle equator via Grip71/NEDD1, acting 4 complementarily to Augmin which fulfils this role at the spindle poles. A loss of either 5 pathway does not reduce bulk spindle microtubules, but together they are essential for the 6 assembly of most spindle microtubules in oocytes. We demonstrated that Subito can 7 interact with the γ-tubulin complex through Grip71 and induce microtubule nucleation from 8 pure tubulin dimers in vitro. Interestingly the N-terminal region of Subito suppresses its 9 interaction with the γ-tubulin complex, and prevents ectopic assembly of microtubules in 10 oocytes. Therefore, this novel microtubule nucleation pathway is central to assemble the 11 meiotic spindle around chromosomes and, as importantly, to suppress ectopic microtubule 12 nucleation in the ooplasm.
13
We propose the following model of spatially restricted spindle assembly in Drosophila 14 oocytes (Fig 7) . In the vicinity of chromosomes, Subito binds to microtubules in the spindle 15 equator and recruits the γ-tubulin complex through Grip71 to nucleate new microtubules. In 16 the same manner, Augmin localises to the spindle poles where it nucleates microtubules.
17
Away from chromosomes, the N-terminal region of Subito suppresses its interaction with the 18 γ-tubulin complex and therefore prevents ectopic microtubule nucleation.
19
Taking advantage of Drosophila oocytes, we combined genetic, cytological and 20 biochemical approaches to uncover a novel oocyte-specific microtubule nucleation pathway.
21
Unique features of oocytes, such as lack of centrosomes and a large volume, are also 22 characteristics of oocytes from other species including humans. Furthermore, all proteins 23 mentioned here, such as Subito/MKlp2, Grip71/NEDD1, Augmin and the γ-tubulin complex, 24 are widely conserved (Jang et al., 2005; Haren et al., 2006; Lüders et al., 2006; Uehara et 25 al., 2009; Lawo et al., 2009; Kollman et al., 2011; Teixidó-Travesa et al., 2012) . Therefore, a 1 kinesin, Subito also binds to microtubules. Thus, by combining microtubule binding and 2 nucleation activities, it could locally increase the number of microtubules in an exponential 3 manner to trigger rapid assembly of a very dense microtubule network (which is called 4 microtubule amplification; Zhu et al., 2008; Goshima et al., 2010) . Augmin was the only 5 previously known factor which mediates microtubule amplification for spindle assembly 6 (Meunier and Vernos, 2016; Prosser and Pelletier, 2017) . In oocytes, we showed that the 7 Subito pathway acts complementarily to Augmin pathway to assemble most of the spindle 8 microtubules in oocytes. In mitosis, however, Subito microtubule nucleation pathway seems 9 to be inactive or negligible, as very few microtubules are assembled in the absence of both Once microtubules are nucleated in the spindle equator, microtubules are cross-23 linked and their polarity is sorted out by microtubule motors (Bennabi et al., 2016) . As the 24 mammalian orthologue of Subito, MKlp2, has been shown to bundle microtubules (Neef et 1 microtubule amplification to the vicinity of chromosomes in Drosophila oocytes. This spatial 2 regulation is crucial, as oocytes commonly contain exceptionally large cytoplasmic volumes.
3
We showed that the N-terminal non-motor region of Subito suppresses ectopic microtubule 4 nucleation by inhibiting the interaction with Grip71, the subunit responsible for recruiting the 
19
To generate the subito entry clone, a full-length coding region (encoding 1-628 amino 20 acids followed by a stop codon) or a part of the coding region (SubitoΔN encoding 90-628 21 amino acids followed by a stop codon) was amplified from cDNA (LD35138) by PCR. 
8
For RNAi in S2 cells, dsRNA against the β-lactamase gene was used as a control as 9 previously described (Syred et al., 2013) . For Grip71 RNAi in S2 cells ( Fig S1A, B) , double-10 stranded RNAs were amplified in the first PCR using the following pairs of primers 11 containing half of the T7 promoter and the full T7 promoter sequence was added in the 12 second PCR using the primer, CGACTCACTATAGGGAGAGCGGGGGATTCTCTTTGT. In 13 the first PCR, the region 504-925 bp of Grip71 coding sequence was amplified using For generating an anti-Grip71 antibody, an entry vector (pENTR/D-TOPO) carrying the 24 Grip71 full coding sequence from a cDNA (RE05579) was used. The cDNA has a mutation 25 that leads to a premature stop codon after 493rd amino acid of Grip71. For expression of 1 cultured overnight at 18°C in the presence of 1 mM IPTG. Bacteria were lysed by sonication 2 in PBS + 0.5% Triton X-100 and spun down at 4,000 rpm for 5 min. The pellet contained 3 most of GST-Grip71* which were largely insoluble in this condition. After a wash in the 4 same buffer, the pellet was run on an SDS protein gel, and eluted from the gel by diffusion in 5 0.2M NaHCO 3 + 0.02% SDS. A total of 2.5 mg of protein (4 injections) was used to 6 immunise a rabbit by Scottish National Blood Transfusion Service. The final anti-serum was 7 then affinity-purified using MBP-Grip71* on nitrocellulose membranes as previously 8 described (Smith and Fisher, 1984; Clohisey et al., 2014) .
9
The following primary antibodies were used for immunofluorescence microscopy (IF) 10 and immunoblots (IB) in the study: anti-GFP (rabbit polyclonal A11122; Thermo Fisher 
17
(1:20,000), IRDye 680LT conjugated goat anti-rabbit (1:15,000), and IRDye 800CW 18 conjugated goat anti-mouse (1:20,000) secondary antibodies (LI-COR) were used for IB.
19
For immunoblotting, SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 20 electrophoresis) were carried out and proteins on the gel were transferred onto a 21 nitrocellulose membrane following a standard procedure (Sambrook et al., 1989) . Total 22 proteins on the membrane were stained with MemCode reversible staining kit (Thermo-
23
Fisher) or Ponceau (Sigma-Aldrich). After being destained, the membrane was incubated 24 with primary antibodies followed by fluorescent secondary antibodies (LI-COR). The signals 25 were detected with an Odyssey imaging system for Figure 2B , S1B,E and an Odyssey CLx 26 imaging scanner (LI-COR) for Figure 6 . The brightness and contrast were adjusted For immunoblotting of ovaries, 10 ovaries or 100 oocytes were dissected from 1 mature females in methanol. Methanol was replaced by 50 μl of water and 50 μl of boiling 2 2x sample buffer (50 mM Tris-HCl pH6.8; 2% SDS; 10% glycerol; 0.1% Bromophenol Blue; 3 715 mM 2-mercaptoethanol). Ovaries were homogenised in a microtube using a pestle 4 (Eppendorf). The equivalent of 20 oocytes (20 μl, Figure S1E ) or 1 ovary (10 μl, Figure 2D ) 5 were loaded on a gel for SDS-PAGE followed by immunoblot. For S2 cells, 5 million cells 6 were spun down at 500xg for 10 minutes, washed once with PBS at room temperature then 7 resuspended in 50 μl of water and 50 μl of boiling 2x sample buffer. The equivalent of 8 500,000 cells were loaded on a gel for SDS-PAGE followed by immunoblot ( Figure S1B ).
10
Cytology and image analysis
11
For immunostaining of mature oocytes, freshly eclosed females were kept with males for 3-5 12 days at 25°C with an excess of dried yeast. Ovaries from matured females were dissected 13 in methanol and, after removing the chorion by sonication, oocytes were stained as 14 previously described (Cullen and Ohkura, 2001) . Under this experimental condition, most 15 oocytes were arrested at stage 14.
microtubes containing 1-2 mature females each were incubated on ice for 4 hours to 18 depolymerise microtubules. The absence of microtubules in oocytes after 4 hours on ice 19 was confirmed by immunostaining. Each tube was transferred one-by-one to water at 25°C, 20 and after 2 minutes, ovaries were dissected in methanol and processed for immunostaining.
21
Immunostained oocytes were imaged with a confocal scan head, LSM510Exciter 22 (Zeiss; Figure 1A , 2A,C, 4A, S1C) or LSM800 with GaAsP photomultipliers (Zeiss; Figure 3 
2
For Drosophila S2 cells (Schneider, 1972) , about 1 million cells were aliquoted into 3 each well of a 6-well petri dish with 1 ml of Serum Free Medium (Schneider). 15 μg of 4 dsRNA is added to each well. After 1 hour, 2 ml of the medium containing 10% FCS was 5 added to the cells. Three days later the cells were transferred to concanavalin A coated 6 coverslips (18x18 mm, VWR), fixed with a cold solution containing 90% methanol, 2.88% 7 paraformaldehyde and 5mM NaHCO 3 (pH9), and stained as previously described 8 (Dzhindzhev et al., 2005) . A single Z section of S2 cells was imaged with a CCD camera 9 (Orca; Hamamatsu) attached to an upright microscope (Axioplan2) controlled by OpenLab 10 (Improvision) using a 100x/NA1.4 Plan-ApoChromat objective.
11
For Figure 3 , the total tubulin intensity was measured on spindles imaged with the 12 same setting (A). If some signals were saturated, a second image was taken with a lower 13 laser intensity (B). To compensate for the lower laser power, a laser coefficient was 14 calculated by the ratio (A/B) of the total signal intensity of three spindles without saturated 15 signals taken by these two settings. Tubulin signal intensity was measured from maximum 16 intensity projection of a Z-stack. A region S mainly containing the spindle was drawn, and 17 the total intensity (IntDenS) and the area size (AreaS) was measured. A second region L 18 containing the spindle and the surrounding background was drawn, and the total tubulin 19 intensity (IntDenL) and the area size (AreaL) were measured. The following formula was 20 then applied to calculate the total tubulin intensity for each spindle: IntDenS-AreaS*(IntDenL- 
25
For Figure 4E ,F, S1D, the tubulin and Grip71 signal intensities were measured from 26 the maximum intensity projection of a Z-stack as follows. A small region of interest (region ( Figure S1D ), and the total signal intensities of tubulin and Grip71 were measured. A region 1 of interest with the identical shape and size (region D) was drawn in a background region 2 and the total signal intensities were measured. The specific signal intensity was calculated 3 by subtracting the total intensity of region D from the total intensity of region C. For Figure   4 S1D, the specific signal intensity of Grip71 was then normalised by dividing it by the specific 5 tubulin signal intensity of the same spindle. Two-tailed Wilcoxon rank-sum test was used for 6 testing statistical significance. 
15
For Figure 4B ,D, the entire oocytes were observed for the presence or absence of 16 dense microtubule arrays not associated with the meiotic chromosomes ("ectopic spindles").
17
Two independent batches of immunostaining were carried out for each genotype in D, and 18 the mean and standard error (SEM) were calculated for the percentage of oocytes which 19 have visible ectopic spindles in each replicate. Two-tailed unpaired t-test was used for 20 testing statistical significance. As only one batch of immunostaining was carried out for 21 GFP-SubitoΔN + white shRNA in B, statistical significance was tested by Fisher's exact test.
23
Immunoprecipitation and microtubule nucleation assay 24 Immunoprecipitation and microtubule nucleation assay shown in Figure 5 , 6 and S2 were 25 carried out as follows. Flies expressing GFP, GFP-Grip71, GFP-Subito WT + white shRNA, each genotype were dissected in PBS + 2 mM EGTA and frozen with a minimum carry-over 1 of the buffer on the side of a microtube prechilled on dry ice. Microtubes were snap frozen 2 in liquid nitrogen and stored at -80°C.
3
For immunoprecipitation, 20 pairs of frozen ovaries were resuspended in 400 μl of 4 lysis buffer (20 mM Tris-HCl pH7.5, 50 mM NaCl, 5 mM EGTA, 1 mM DTT supplemented 5 with 1 mM PMSF, inhibitor of protease (Roche, 1 tablet for 10 ml)) + 1 μM okadaic acid, 10 6 mM p-nitrophenyl phosphate and 0.5% Triton X-100 and homogenised on ice with a Dounce 7 tissue grinder (1 ml). Lysates were incubated on ice for 30 minutes and transferred in a 8 microtube before being centrifuged for 30 minutes, at 13,000 rpm at 4°C. 10 μl was kept as 9 Input and mixed with 10 μl of boiling 2x sample buffer, and the rest was used for the 10 following immunoprecipitation. 11 μl of anti-GFP magnetic beads (Chromotek) were washed 11 three times with cold lysis buffer + 0.1% Triton X-100 before being mixed with lysate 
2
The graphs show the means and standard errors from three repeats for each of wild type 3 and subito RNAi (86, 61 spindles in total). *** indicate significant differences from wild type 4 (p< 0.001, respectively). 
